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Abstract
Quasi-static and dynamic loads from train-traﬃc are applied to the entire track system: super-
structure, substructure and subsoil. Due to lack of maintenance of the track bed, the dynamic
loads on the track system causes an accumulation of excess pore water pressure within the sub-
structure. Furthermore, a pumping eﬀect exerted on the track system, which depends on the
axle load and velocity of the vehicle, may cause in mud hole formation, rising of the underlying
soil, ballast contamination and the clogging of gravel bed pores. Consequently, the subgrade
resistance is reduced and hence the system loading capacity. The main objective is to detect
mud holes as early as possible by non-invasive, non-destructive measurements to avoid costly
interim or long term treatments. The present publication focuses on the comparison of vertical
velocities due to a moving train load in the absence of water, thus eliminating any complexities
arising from any variation in the pore pressure. Due to the large velocity of the trains, elastic
and plastic deformations might develop in the vicinity of the track-subgrade system. In the
current publication, a simpliﬁed numerical simulation of one axle of an ICE train traversing
along the rail track with various speeds have been simulated.
Keywords: Mud hole detection/management, dynamic loads, track bed stability, numerical simulation
1 Introduction
With the ever increasing demand for high speed trains, the primary concern is to ensure the
safety and comfort in addition to a reduction in the journey time. Huge quasi-static and
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dynamic loads are generated which causes an increased rate in ballast degradation (abrasion
and grain fracturing), accelerating the formation of ﬁnes as well as a potential accumulation of
excess pore water pressure and deformations of ﬁne soils in the subgrade. The pumping eﬀect
generated by the dynamic movement causes the ﬁne soils to move into the ballast clogging
the granular bed pores, eﬀectively decreasing the permeability of the system and causing a
steady increase in the pore water pressure. When the ballast is severely fouled, sleepers are
surrounded by mud that retains a pool of water around them. Also, there may be heaving
outside the toe of the ballast if the track is situated on soft formations. The most important
thing for the prevention of mud hole formation is to implement proper drainage so as to prevent
water stagnation at the ends of the sleeper thus ensuring a stable separation of ﬁne subgrade
soil and coarse ballast.
Certain advances have been made in the understanding of mud holes and their formations.
A detailed manual was put forward by [8] and [9], where the fact that stagnation of water due
to lack of drainage is mainly responsible for mud hole generation was unanimously emphasized.
Also, certain experimental investigations have been carried out, e.g. by [11] with respect to
sleeper support and [5] with respect to the cyclic behavior of railway ballast. Other experi-
mental studies have been conducted by [19], [1], [2] and [6]. A new fouling index, VCI (Void
Contaminant Index), which is a function of the void ratio, speciﬁc gravity and dry mass of
both the clean ballast and fouling material was proposed by [19]. VCI highlights the eﬀects of
a change in the void ratio against the mass of fouling material present in the soil. An investi-
gation due to the eﬀect of a moving train using the ﬁnite element method (FEM) were carried
out by [16]. [7] used the molecular dynamics (MD) method to model each single stone of the
ballast and calculating the contact forces between them through numerical time-step integra-
tion. Numerical investigations have also been performed using FEM and boundary element
methods (BEM), e.g. by [12], [13], [15], [21], [17], [14], [4] and [18] to simulate various problems
pertaining to railway geotechnics.
The present work initially focuses on the response of the track-substructure system due to an
ICE (high speed train in Germany) moving with diﬀerent velocities using the concept of FEM
implemented by the software Plaxis 2013.01. However, it is to be noted that the movement of
the ﬁnes upward due to the presence of water during the event of a dynamic loading can not be
simulated in FEM, and local instabilities such as mud holes have to be simulated in a simpliﬁed
attempt.
2 Numerical Modeling
2.1 Geometry and Modeling Approach of the 3D-Model
In the current work, a moving point load simulates a single axle from a moving train. Multiple
axles would have made the problem more complex due to dynamic interations between them
and would have required substantial computation time. For similar reasons, a short section of
8 m was considered. The rail and the sleepers are modeled with beam elements (line elements)
which are connected by node-to-node anchors [16]. No water table has been considered for the
current calculations, hence eliminating the need for the investigation of pore water pressures.
The dimensions for the numerical model are shown in Figure 1a). The model has four distinct
layers: the embankment overlying a peat and two sand layers below. The bottom sand layer
has a height of 1 m and has been provided with a high value of damping in the frequency range
of 1 Hz to 100 Hz in order to prevent wave reﬂection at the model boundaries. Half track
geometry as well as half axle of the ICE has been modeled due to symmetry. Furthermore, the
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embankment has a side slope of 2:1 (H:V) and consists of two layers: the ballast layer on top
overlying the dense backﬁll below. Further, the ballast and backﬁll layers have a height of 0.6
m and 3 m respectively. A 1.5:1 (H:V) slope for the ballast with respect to the backﬁll has
been considered. Figure 1b) shows a magniﬁed image of the loading approach. In the model,
the sleeper is considered as the standard B70 sleeper having a depth of 0.214 m. The entire
width of the sleeper is taken as 2.5 m with the distance between the rails as 1.5 m.
Figure 1: Three dimensional numerical model considered for analysis: a) Geometry and dimen-
sion of the numerical model, b) Detailed view of the rail and sleepers connected through rail
clips (node to node anchors) and the point load
2.2 Material Parameters
The linear elastic model has been adopted for all soil layers although the Hardening soil model
would have been better suited for dynamic analysis. This is to ensure minimal computation
time. The physical dimensions and the material properties for the various layers (Table 1) have
been taken from [20]. The material parameters for the beam elements in the numerical model
are shown in Table 2.
Parameter Unit Ballast Backﬁll-dense Peat Sand
γunsat kN/m
3 18 19 11 20
γsat kN/m
3 20 21 11.3 20
ν − 0.3 0.35 0.49 0.48
E kN/m2 195 · 103 209.3 · 103 18.77 · 103 149.5 · 103
G kN/m2 75 · 103 77.5 · 103 6.3 · 103 50.5 · 103
Rayleigh α − 6 4 2 2
Rayleigh β − 0.75 · 10−3 0.5 · 10−3 0.25 · 10−3 0.25 · 10−3
Table 1: Material parameters for the soil layers used in the numerical simulations [16] [20]
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Parameter Unit Rail (beam) Sleeper (beam)
Cross section area (A) m2 7.7 · 10−3 5.13 · 10−2
Depth m − 0.214
Unit weight (γ) kN/m3 78 25
Elastic modulus (E) kN/m2 200 · 106 36 · 106
Moment of area around the second axis (I3) m
4 30.55 · 10−4 2.53 · 10−2
Moment of area around the third axis (I2) m
4 5.13 · 10−6 2.45 · 10−4
Table 2: Input properties for the beam elements (rail and sleepers) obtained from [16]
2.3 Boundary Conditions
Standard ﬁxities [16], which ﬁxes the bottom in all directions and the vertical sides in the hori-
zontal direction, have been applied. Besides, absorbent viscous boundaries along all the relevant
axes (xmax, ymin and ymax) have been assigned to reduce wave reﬂection at the boundaries.
The normal and tangential relaxation coeﬃcients c1 and c2 have been kept as 1 and 0.25, which
has been noted suﬃcient for practical applications [3].
2.4 Calculation Phases
The maximum axle load adopted is 110 kN. Since the length of the entire model considered is 8
m, the total time taken by the train traveling at a velocity of 90 km/h, 120 km/h and 150 km/h
is 0.32 s, 0.24 s and 0.192 s respectively. When one point load is fully acting, there is no
other load in the entire system, but with the passage of time, the initially active load starts to
decrease in magnitude while the second load for the next point or surface starts to increase till
it reaches the peak half axle load value. This process has been assigned along the entire length
of the track. A small section of the dynamic load multipliers for the train traveling at 90 km/h
has been shown in Table 3. The point load at the ﬁrst node on the left boundary has not been
applied as the initial response does not simulate a continuous track due to boundary eﬀects.
Load multiplier Distance (m) Time when it acts (s)
Load multiplier 1 0.6 0.024
Load multiplier 2 1.2 0.048
. . .
. . .
Load multiplier 13 7.8 0.312
Load multiplier 14 8 0.320
Table 3: Load multipliers applied for the numerical simulation of a moving train with a speed
of 90 km/h
3 Results
The results have been plotted and compared when the load is fully activated at a distance of
4.2 m from ymin. Figure 2 shows the comparison between the vertical velocities at various
depths of the embankment (marked from A to D). It can be seen that the maximum negative
vertical velocity occurs underneath the load as expected. Also, there are positive values of
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the velocity at the points where the load has already passed over (3.6 m, 3 m, 2.4 m,...), the
maximum value being at the point of load application immediately before the load at 4.2 m.
This can be attributed to the high elastic boundary eﬀects prevalent along the entire length of
the model. Notable eﬀects of the velocity can be observed at a certain distance each side of
the point of load application, after which the eﬀects become negligible. Also, a comparison has
been made between the vertical velocities at a depth of 0.1 and 1 m along the track length for
trains with three diﬀerent speeds (Figure 3). Evidently as can be seen from Figure 3a), there
is a higher velocity near the top surface for the train with a speed of 150 km/h, which also
shows a greater velocity at the previous load application point. The eﬀects decrease with depth
gradually. Due to the higher speed, there is an increased response to the vertical velocity and
its eﬀects last longer along the track length as compared to trains with lesser speeds. It can
be easily understood from the ﬁgure the various points of application of train load through the
high values of velocity at those repetitive points. A more accurate model depicting the vertical
velocity proﬁle may be obtained by decreasing the distance between the dynamic loading points
to obtain a smoother response. However, this needs to be further validated through ﬁeld tests.
Figure 2: Comparison between the vertical velocity for diﬀerent depths for a train speed of
90 km/h
4 Conclusion and Outlook
The railway track geometry has been modeled through a point load acting on the track system
using beam elements. The eﬀect of train speeds on the vertical velocity has been studied
in this paper. It is observed that the vertical velocity increases for the case of high speed
trains. A more accurate model with more dynamic points may be used to accurately predict
the vertical velocities close to the point of load application. Also, the vertical velocity gradually
decreases with increasing depth, implying that the eﬀect of a train becomes negligible at further
depths of the soil layer. High elastic boundary eﬀects can be found in the analysis with linear
elastic models. Thus, the eﬀects of diﬀerent soil models and boundary conditions remain to
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Figure 3: Comparison between the vertical velocity for diﬀerent train speeds at a depth of
a) 0.1m and b) 1 m from the top of the embankment
be investigated. Diﬀerent approaches for the simulation of the rail, the sleepers, the boundary
conditions and the loading were already investigated in [10]. As the point load model aﬀords a
better resemblance to real life, it will be considered for further analyses in future when the work
will be extended to the case of fouled ballast, with the material parameters corresponding to
the laboratory tests of [19]. The eﬀect of fouling will be investigated by varying the percentage
of VCI, and then investigated for various velocities of the train. Also, the eﬀect of the water
table will be incorporated and the responses generated by diﬀerent boundary conditions (the
ﬁneness of the mesh, damping, etc.) will be studied. The future work will be aimed at the
correlation of wave velocities and deformations with that of fresh and diﬀerent percentages of
ballast fouling obtained in terms of VCI, thus ensuring early and non-destructive detection of
mud holes before they are formed.
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